detecting differences in RNA content, which can be reflected in different protein expression patterns. In the
(a) Genes differentially regulated in anergic versus naive CD4 ϩ T cells.
using Array-Vision software (Version 5.1). To compare density values Total RNA of in vivo-anergized T cells from TCR ϫ Ig-HA and naive among the two cell populations, the level of each gene was T cells from TCR-HA mice, respectively, were used as templates to normalized to the total of all genes measured (Table 1) . One out of generate specific 32 P-labeled cDNA probes for expression array two independent array analyses results are shown. (b) Genes analysis (Clontech). RT probes were hybridized to individual cDNA differentially regulated in anergic versus activated CD4 ϩ T cells. Total blots overnight and washed, and gene expression was determined RNA of in vivo-anergized T cells from TCR ϫ Ig-HA mice and naive T by exposing the arrays to Phosphor Imaging screens (Fuji) and analyzed cells from Rag-2 Ϫ/Ϫ TCR-HA mice, respectively, were used as using a Fuji Bas 2500 16-bit image analysis system. Expression templates to generate 32 P-labeled cDNA probes for expression array levels were determined by measuring the spot density for each gene analysis (Clontech). For further details see Figure 1 .
analyzed cell surface markers, a combination of PD-1, upregulated with regard to recently activated cells. This was the first indication that anergic cells also exhibited CD7, CD28, and CD4 antibodies should be well suited for the identification of the particular anergic cell type and features typical of resting naive CD4 ϩ T cells. should be able to distinguish it from naive and recently activated T cells.
Regulation of transcription and cytokine secretion
Of special interest was the specific downregulation of SATB1 in anergic cells with regard to both of the other
Signal transduction
Regarding TCR signaling, proximal signaling molecules, cell types. SATB1 can act as a transcriptional repressor, but recent evidence suggests that it may regulate the such as CD4 and the src-kinase, were overexpressed when compared to both naive and recently activated HA-speexpression of multiple gene clusters, either positively or negatively, by binding to matrix attachment regions that cific T cells. While these findings could be interpreted to indicate that anergic cells somehow represent hyperacare implicated in the loop domain organization of chromatin [6] . SATB1 may, thus, be involved in the control of tivated cells, a closer inspection of the expression levels of genes encoding intracellular proteins yields a different lineage-specific expression of multiple genes. These may include cytokine genes or cytokine receptor genes that picture; here, several inhibitors of signal transduction, i.e., GDP-dissociation inhibitor (GDI), GapIII, or CD31, exare differentially expressed in anergic versus naive and recently activated T cells. hibited levels comparable to naive CD4 ϩ T cells but were Table 1 Genes regulated in CD4 ؉ T cells that might be critical for the induction and maintenance of anergy in vivo. Differential expression of 1176 mRNA was investigated by cDNA array sample) was determined by subtraction of this background from hybridization in naive, in vivo-anergized, and recently activated CD4 ϩ average density for each spot. All nonflagged array elements (see T cells. Spot density for each gene was measured as described in Materials and methods) for which the density value was greater than Materials and methods. Anergic versus naive populations were 1.4 ϫ the local background were considered well measured and compared in two independent array experiments. Local backgrounds were included in this table if they were up or downregulated in the were computed for each spot. Net density (presented in this table studied T cell populations by a factor Ն1.75 and a density value after normalization to the total of all mRNA measured for a particular Ն5 compared to naive and/or recently activated CD4 ϩ T cells. Considering cytokine expression, it was previously noted characterized by a weaker activation and tyrosine phosphorylation of Janus-associated kinase (Jak)-3 and signal that these in vivo-generated anergic cells produced little IL-2, IL-4, and IFN␥ ex vivo [4] . Generally, downregulatransducers and activators of transcription (Stat)5 and reduced DNA binding ability to Stat5-specific elements. tion of IL-2 secretion seems to be one major pathway to achieve anergy in several in vitro and in vivo models. At least four molecules that are directly implicated in the Cell proliferation regulation of IL-2 synthesis and secretion were differen-IL-2, IL-4, and IL-7 have important roles in cell activation tially regulated in anergic cells when compared to freshly and proliferation, and it is of interest that in anergic cells, activated cells. YB-1, a transcription factor reported to be the decreased signaling through these receptors results necessary for stabilizing the mRNA of IL-2, was downregin low level expression of c-myc and pim-1, two key ulated, while ApoE was upregulated as in naive cells.
molecules of cell activation and cycle regulation [12] . In Fas-L as well as CTLA-4 were specifically upregulated addition to the regulation of signaling molecules in comin anergic cells when compared to both naive and recently mon with the TCR (e.g., Lck, MAPK-pathway), cytokine activated T cells. The latter three molecules were rereceptor-specific signaling appears also to be modulated ported to inhibit the secretion of bioactive IL-2 at differat the level of Jak's and Stat's when compared to activated ent levels [7] [8] [9] [10] .
cells.
Considering proliferation and cell cycle progression, it is Previous data from our group as well as the present array obvious that anergic cells more closely resemble the naive analysis revealed that both naive and recently activated than the activated CD4 ϩ T cells in that they express high CD4 ϩ T cells did not produce any IL-10, whereas ex vivo levels of the cell cycle inhibitors p27kip1 and ESP-1 [13] anergic cells expressed significant levels of IL-10 mRNA.
and low levels of cell cycle promoters pim-1 [12] and It is known that IL-10 blocks the IL-2-mediated downregp38-2G4. C-myc, a direct promoter of proliferation [14] , ulation of p27kip1 and upregulation of D cyclins in T is specifically downregulated in anergic cells. In the concell activation and entry into the cell cycle [10] . This may text of these data, it is of interest that recently Boussiotis represent another pathway contributing to the anergic et al. showed direct inhibition of cyclins D and E by phenotype (see below). Also, one additional regulatory p27kip1, which is also responsible for the defective transcytokine, TGF-␤1, was detected in all three populations, activation of AP-1 and IL-2 transcription in anergized T but there was no difference between the three populacells [15] . In these in vitro-anergized T cells, p27kip1 tions, confirming previous quantitative PCR data (unpublevels were specifically upregulated. While these cells lished data). Cytokine signaling pathways seem to reprecould be rescued upon coculture with a specific antigen sent another important target in the regulation of anergy.
and IL-2, our in vivo-anergized T cells differ since they Signal transduction pathways of the IL-2R, IL-4R, and remain anergic under these conditions. IL-7R are affected by the common ␥-chain, which was downregulated in anergic T cells when compared to activated T cells. The correlation between the regulation of An additional feature regarding cell cycle regulation that may explain functional differences between in vivo-and the common ␥ chain and induction of anergy has previously been described by Grundstrom et al. [11] . The in vitro-anergized cells is the observation that CD28, c-myc, and ErbB2 levels are downregulated. CD28-medianergic cells analyzed in the above mentioned study were relative to naive or resting cells.
were incubated in 24-well plates coated with 5 g/ml anti-CD3 (2C11) ated signaling as well as c-myc and ErbB2 activities were for 16 hr and then recovered for RNA preparation.
reported to block p27kip1 activity and, thus, to permit entry into the cell cycle [12, 16, 17] inhibiting the production of cyclin D3, cyclin-dependent
Reagent LS was carried out in order to obtain high quality total RNA.
kinase (cdk)4, and cdk6. This indicates that CTLA-4
Total RNA (3.5 g) from each population was used as a template for the specific synthesis of 32 P-radiolabeled cDNA probes according to the signaling inhibits events early in T cell activation both at manufacturer's recommendations (Clontech), except that the RT enzyme the IL-2 transcription level as well as at the level of the was replaced by Superscript II (GIBCO). cDNA probes were subse-IL-2-independent events of the cell cycle [8] . Table 1 ) that should enable one to trace these cells extensive washes, membranes were exposed to Phosphor Imaging in normal mice and help promote understanding of the screens (Fuji). Radioactivity was detected using a Fuji Bas 2500 16-bit image analysis system (Fuji).
anergic phenotype in terms of proliferation. A closer investigation of differentially expressed genes involved in regu-
Data analysis
lating transcription and perhaps cytokine secretion is recDNA array analysis of gene expression was essentially done as dequired in order to address the regulatory function of these scribed [19] . Each spot was defined by positioning of a grid of circles cells that they exhibit both in vivo as well as in vitro over the array image. Spot density for each gene was measured using (unpublished data).
Array-Vision software (Version 5.1, Imaging Research), along with numerous quality control parameters (see Array-Vision manual). Local backgrounds were computed for each spot. The net density was determined
Material and methods
by subtraction of this background from the average density for each spot.
Mice
Data files generated by Array-Vision were entered into a custom database. The TCR-HA transgenic mice expressing a TCR-␣/␤ specific for peptide Single spots or areas of the array with obvious blemishes were flagged 111-119 from influenza HA presented by I-E d are on the Balb/c backand excluded from subsequent analyses. All nonflagged array elements ground and have been previously described, as have those on the recomfor which the density value was greater than 1.4ϫ the local background bination-activating gene (RAG)-2 Ϫ/Ϫ background [18] . Mice expressing were considered well measured. Most obtained results were confirmed HA under the Ig promoter and enhancer elements are also on the in two independent array analyses (see Table 1 ). To compare density Balb/c background. TCR-HA ϫ IG-HA mice were bred in our animal values among the different cell populations, the level of each gene was facility at Necker.
normalized to the total of all genes measured for that sample.
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